Purpose: To determine the safety of transfoveal subthreshold diode micropulse laser for fovea-involving diabetic macular edema.
F ovea-involving diabetic macular edema (FIDME) is the most common cause of visual loss in eyes with diabetic retinopathy (DR) and the most common cause of visual disability in working-age population worldwide. 1, 2 Once developed, FIDME may be difficult to eliminate with restoration of normal visual acuity. [2] [3] [4] Retinal photocoagulation has been the standard of care for the treatment of DME for decades. However, the tissue damage resulting from continuous-wave laser photocoagulation, often persistent and progressive despite reductions in treatment intensity and confinement to the outer retina by shortening exposure durations, preclude treatment in or near the fovea because of the risk of immediate or late treatment-associated visual loss. 2, 4, 5 Thermal retinal damage may also be reduced by laser micropulsing. However, treatment risks persist with micropulsed lasers that are operated at higher energies and/or at duty cycles at 10% or more. [6] [7] [8] [9] [10] [11] Intravitreal injections of steroids and/or vascular endothelial growth factor (VEGF) inhibitors are also effective, often with better visual outcomes than with conventional photocoagulation alone or in combination with drugs. [2] [3] [4] The superiority of drug therapy over laser regarding visual acuity outcomes may be due to the inherent adverse effects of conventional retinal photocoagulation because photocoagulation seems at least as effective in reducing macular edema. 3 This is supported by a recent randomized clinical trial that found highdensity subthreshold diode micropulse (SDM) laser treatment for treatment-naive DME to be superior to conventional photocoagulation in reducing macular thickening but with visual results comparable with intravitreal drug therapy. 11 Intraocular drug injection is problematic as well. The use of local and intravitreal steroids may cause cataract and glaucoma. 12 Vascular endothelial growth factor inhibitors are often expensive and require repeated injections over months to years to achieve and maintain an optimal effect. All intravitreal injections have a small but inherent and cumulative risk of potentially visually catastrophic endophthalmitis. Such considerations discourage intravitreal drug injection for eyes with DME with good visual acuity, that is, 20/40 or better. 3, [12] [13] [14] [15] [16] A particular variety of micropulsed laser application, termed "low-intensity/high-density subthreshold (810 nm) diode micropulsed laser," or "SDM," has been shown to be both effective for the treatment of DME and safe in long-term follow-up without adverse treatment effect or evidence of laser-induced retinal damage. 9, 10, 17, 18 Although only one case of transfoveal subthreshold diode micropulse laser (TFSDM) has thus far been reported, confidence in the safety of SDM gained in over 13 years of clinical experience has led to us to the routine use of TFSDM for FIDME in our practices 17 ( Figure 1 ). Herein, we review our experience using TFSDM for FIDME in eyes with the best preoperative visual acuities, most likely to reveal any adverse treatment effects.
Methods
This research adhered to the tenets of the Declaration of Helsinki. Institutional review board approval was obtained, and all subjects signed informed consent. The records of all patients who received treatment for FIDME in 2 vitreoretinal subspecialty practices were reviewed if TFSDM was used and if preoperative visual acuities were 20/40 or better. Fovea-involving diabetic macular edema was defined as any cystic change or thickening of the retina demonstrated by spectral domain optical coherence tomography (SD-OCT) at or within the margin of the foveal umbo resulting in inclusion of the central fovea in treatment according to the high-density/lowintensity SDM laser treatment strategy. Thus, some eyes, illustrated by Figure 2 , had neither measurable foveal thickening nor visual loss preoperatively. Eyes were excluded from the study if they had intraocular surgery within 6 months of treatment, extrafoveal SDM within 4 months before TFSDM, postoperative follow-up of less than 3 months, treatment with intravitreal or local steroids within 4 months or VEGF inhibitors within 1 month before SDM treatment, absence of adequate preoperative or postoperative diagnostic imaging, confounding macular disease such as epiretinal membrane, vitreomacular traction, or agerelated macular degeneration, or confounding systemic disease including uncontrolled hypertension (.160/ .110) or uncontrolled diabetes (fasting blood glucose level of .300 mg/dL on 2 or more occasions postoperatively or HbA1c $ 10%).
All eyes that were treated with SDM laser parameters demonstrated to be both clinically effective and harmless. These parameters include the use of a micropulsed 810-nm diode laser (Oculight SLX; Iridex Corp, Mountain View, CA), small retinal spot (125-200 mm), 5% duty cycle, and power and pulse duration sufficient to achieve an American National Standards Institute (ANSI) "maximum permissible exposure" power delivery of approximately 40-50· maximum permissible exposure. 9, 10, 17, 18 In all cases, standard SDM was performed consisting of high-density placement of contiguous and confluent laser spots over the entire area of macular edema, including the fovea indicated by preoperative SD-OCT (Clinics 1 and 2) and macular leakage by fundus fluorescein angiogram (Clinic 2). Within each clinic, the same SDM laser parameters were used for all eyes without individual adjustment for lens status, vitreous opacity, fundus coloration, retinal hemorrhage, or degree or location of macular thickening. 9, 10, 17, 18 In Clinic 1, the following laser parameters were used for all patients: 125 mm spot, 0.95 W power, 0.3-second duration, and 5% duty cycle; or 200 mm spot, 1.4 W power, 0.3-second duration, and 5% duty cycle (both 54 · American National Standards Institute [ANSI] maximum permissible exposure). In Clinic 2, laser parameters for all patients were: 125 mm spot, 0.78 W power, 0.3-second duration, and 5% duty cycle (or 47 · ANSI maximum permissible exposure). 9, 10 All eyes were evaluated preoperatively and postoperatively by SD-OCT (Clinic 1: Spectralis, Heidelberg Engineering, Heidelberg, Germany; and Clinic 2: OPKO, Miami, FL), fundus photography including redfree, infrared, and fundus autofluorescence photography, and fundus fluorescein angiogram. Diabetic macular edema was assessed by SD-OCT measurement of central foveal thickness (CFT), representing the maximum apical thickness at the center of the fovea, and maximum macular thickness (MMT), representing the maximum retinal thickness within 1.5 mm of the foveal center. Postoperative MMT measurements were taken at the same point as the preoperative MMT measurement. The presence of intrafoveal cysts without visual loss or retinal thickening by SD-OCT was also an indication for TFSDM treatment (Figure 2 ). 
Data Analysis
Sample characteristics were summarized using mean values and standard deviations for continuous variables and frequencies and percentages for categorical variables. Because of the small sample size, all eyes were considered independent in analyses. Preoperative to postoperative comparisons were tested using paired t-tests or Wilcoxon signed-rank tests (when small sample sizes or nonnormal data were present) at uniform intervals up to 16 months postoperatively (3 months, 4-7 months, 8-12 months, and 13-16 months). Subgroup analyses were performed on eyes with preoperative CFT , 300 mm, CFT $ 300 mm, MMT , 350 mm, and MMT $ 350 mm. Visual acuities were converted to logMAR units for statistical analysis, and a 45 mm addition was made to SD-OCT results obtained from the OPKO SD-OCT to make these measures comparable with the Spectralis SD-OCT results. 19 All analyses were performed with SAS statistical software (version 9.3, Cary, NC).
Results

Demographics
A total of 39 eyes of 27 subjects were identified for study having met the inclusion criteria. Fifteen subjects contributed only 1 eye, and 12 subjects contributed both eyes to the study. Table 1 provides descriptive statistics of the study sample. The age of the subjects ranged from 50 years to 87 years at the time of TFSDM treatment (mean, 69 years), and their postoperative follow-up ranged from 3 months to 36 months (mean, 11 months). Fourteen patients had insulin-dependent diabetes. Eight eyes had been previously treated with panretinal laser treatment for proliferative diabetic retinopathy. Seven eyes had previous treatment with intravitreal VEGF inhibitors and/or steroids. No eyes were treated medically by intravitreal or local injection postoperatively. Of the 39 eyes, 19 (49%) were treated only once. Retreated eyes included 14 eyes retreated at 3 months, 5 eyes at 4 months to 7 months, and 1 eye at 8 months to 12 months after the initial treatment.
Differences Between Clinics 1 and 2
Clinic 1 contributed 19 eyes of 15 subjects to the sample, and Clinic 2 contributed 20 eyes of 12 subjects. Demographically, subjects from Clinic 2 were significantly older, and eyes had significantly less severe disease than those from Clinic 1, with better logMAR visual acuity, thinner normalized CFT and MMT, and fewer subjects with proliferative diabetic retinopathy (data not shown). Despite significant entry in demographic and clinical differences at presentation, there were no significant treatment outcome differences (change in logMAR visual acuity, CFT, or MMT) between Clinic 1 and Clinic 2. Safety
There was no evidence of laser effect or injury to the retinal pigment epithelium (RPE) or neurosensory retina by any imaging method (clinical examination, infrared fundus photography, red-free fundus photography, fundus autofluorescence photography, fundus fluorescein angiogram, or SD-OCT) at any time in any eye postoperatively, other than reduction in the retinal thickness or resolution of intraretinal cysts demonstrated by SD-OCT. There were no adverse treatment effects or complications (Figures 3-5 ).
Visual Acuity
Preoperative visual acuities were 20/20 (10 eyes), 20/25 (10 eyes), 20/30 (8 eyes), and 20/40 (11 eyes). Postoperatively, there were no cases of treatmentassociated subjective or measured vision loss. Many patients reported subjective visual improvement within days after the treatment.
Preoperative and postoperative logMAR visual acuities are summarized in Table 2 . Overall, the visual acuity remained stable throughout the course of follow-up, with a significant improvement noted at 4 months to 7 months postoperatively (average logMAR improvement = 0.03 units; P = 0.0449, paired t-test).
All subgroups of eyes, including those presenting with CFT # 300 mm (n = 24), CFT $ 300 mm (n = 15), MMT # 350 mm (n = 11), and MMT $ 350 mm (n = 28), showed stable logMAR visual acuity postoperatively. Table 3 and Figure 4 , A-C summarize preoperative and postoperative CFT measures. Overall, CFT ranged from 145 mm to 655 mm (mean, 299 mm) preoperatively, and a marginally significant decrease was present at 4 months to 7 months postoperatively (average decrease = 32.0 mm; P = 0.0525, paired t-test) (Figures 3-5) .
Central Foveal Thickness
For eyes presenting with CFT , 300 mm, CFT was marginally improved at 3 months (average decrease = 12 mm; P = 0.0542) and significantly improved at 4 months to 7 months postoperatively (average decrease = 17 mm; P = 0.0041, Wilcoxon signed-rank test). In eyes presenting with CFT $ 300 mm, no significant differences between preoperative and postoperative CFT were found. Table 4 and Figure 5 , A-C summarize the preoperative and postoperative MMT measures. Overall, MMT ranged from 295 mm to 625 mm (mean, 405 mm) preoperatively, with a significant decrease measured at 4 months to 7 months postoperatively (average decrease = 19 mm; P = 0.0100, paired t-test) (Figures 3-5) .
Maximum Macular Thickness
For eyes presenting with MMT , 350 mm, no significant change in MMT from preoperative measurement was seen at any time postoperatively. In eyes presenting with MMT $ 350 mm, MMT was significantly reduced at 4 months to 7 months postoperatively (average decrease = 24 mm; P = 0.0178, Wilcoxon signed-rank test).
Holm's Adjustment
To address the multiple tests performed and reduce the possibility of finding a significant result by chance alone, we also used Holm's adjustment for the same tests performed at the 4 different time points. This reduced the significance of some of our findings (Tables 2-4 ), but the average values (logMAR visual acuity, CFT, and MMT) continued to show a trend for improvement.
Discussion
There are several reasons to consider laser treatment of the fovea in DME. First, FIDME is the main cause of vision loss in working-aged population with diabetes mellitus. Because diabetes mellitus is a rapidly growing pandemic, the costs associated with visual disability because of DME are great to individuals, society, health care systems, and economies worldwide. [1] [2] [3] 14 Second, it has long been established that the application of laser treatment to an area of DME tends to reduce retinal thickening in that area and the risk of subsequent visual acuity loss. In some, retinal photocoagulation may also improve visual acuity. 2, 4, 20 Third, the RPE is known to be an important mediator of DR and DME through elaboration of a many extracellular chemical factors both known and unknown, including VEGF, which are particularly potent locally. Because RPE density is maximal in the fovea, any treatment strategy directed at influencing the behavior of the RPE (such as SDM) in the treatment of FIDME would thus be expected to be most effective applied to the foveal RPE. 17, 20, 21 Finally, complete coverage of the entire area of DME with high-density laser application is a cornerstone of SDM theory and practice. 10, 17 This echoes the Early Treatment Diabetic Retinopathy Study finding that increased treatment area and density improved results, and the Arrhenius principle, which states that many low-intensity laser applications can produce the same biologic effect as few high-intensity laser applications. 2, 4, 17, 22, 23 As the only risk of SDM is under treatment, inclusion of the fovea in FIDME allows more treatment to be applied to the dysfunctional macula, which maximizes the treatment benefit. A randomized clinical trial has confirmed the superiority of high-density micropulse laser application compared with both conventional lowdensity modified Early Treatment Diabetic Retinopathy Study and micropulse laser treatment for DME regarding both macular thickness reduction and visual acuity improvement.
11
There are several reasons to prefer treatment of diabetic macular disease prior to visual loss or measurable macular thickening. 2, 4 First, retinal function and physiologic testing demonstrate diabetes-induced retinal dysfunction early in the disease and long before the development of clinical retinopathy. 20, 23, 24 Second, early treatment of any chronic progressive disease tends to ease management and reduces disease morbidity. Symptomatic and/or visually threatening DME begins as asymptomatic disease, initially associated with normal visual acuity and macular abnormalities below the threshold of biomicroscopic and SD-OCT resolution because physiologic dysfunction precedes morphologic change. Once developed, FIDME is usually associated with central vision loss. Visual acuity improvement in such eyes is often difficult to achieve with any treatment modality, and restoration and maintenance of normal visual acuity is uncertain if not unlikely. [2] [3] [4] 13 Thus, optimal treatment of DME would address diabetic foveal dysfunction before the development of FIDME and vision loss to foster the best long-term visual outcome.
Thus, although there are reasons to recommend early treatment of the diabetic fovea with good visual acuity, there is only one argument against it, risk. Conventional photocoagulation is inherently destructive, risking both immediate and long-term loss of visual acuity because of the loss of functional tissue, inflammation, and secondary scar formation and fibrosis that often worsens with time. 2, 4, 25, 26 Although short-pulse continuous-wave lasers may confine laser-induced damage to the outer retina and/or RPE, even such limited damage again recommends against its use near, or within, the fovea. 5 Micropulsed lasers may also reduce thermal retinal damage, but the clinical effect depends entirely on the application parameters, with higher energies, especially duty cycles over 5%, rapidly approaching the clinical behavior and risk profile of continuouswave lasers. Thus, the conventional high-intensity (15% duty cycle)/low-density (modified grid) laser treatment stratagem for DME used by Figueira et al and others continued to demonstrate micropulse laserinduced thermal retinal damage precluding both highdensity and intrafoveal treatment. [6] [7] [8] [9] 17, 22 Periocular and intravitreal steroids can be effective but short-lived and associated the risks of cataract, glaucoma, and infection, as well as adverse effects such as pain and redness at the injection sites. 12 Intravitreal VEGF inhibitors are also effective but also have inherent risks and adverse effects including endophthalmitis, pain, and redness at injection sites, and high cost and burdensome administration generally that require repeated and long-term treatment to maintain optimal effectiveness. 3, [12] [13] [14] [15] [16] Thus, none offers a feasible or compelling approach to early treatment of diabetic foveal dysfunction in eyes with good visual acuity.
Low-intensity/high-density SDM is a subtype of micropulse laser treatment effective in the treatment of DME, and it is uniquely intended and demonstrated to be free from evidence of harm or adverse effect in long-term follow-up. Although the absence of a treatment end point that is clinically detectable by current technology precludes precise individual treatment optimization and titration, the exceptionally wide therapeutic window of SDM allows treatment with known laser parameters shown to be both clinically effective and safe in long-term follow-up. 9, 10, 17, 18, 22 The absence of adverse treatment effect allows safe use of SDM within the fovea. 9, 17 Clearly, eyes with good preoperative visual acuity and minimal anatomical abnormality would be most likely to exhibit adverse treatment effects related to transfoveal laser application and least likely to demonstrate treatment benefits. However, in this series from two clinics, TFSDM was safe in such eyes, without any evidence of laser-induced retinal damage or adverse effect. Furthermore, TFSDM was found to improve DME indices while stabilizing or improving visual acuity postoperatively. Although this study is small and retrospective, our results are consistent with current conceptions of diabetic eye disease, computational and empirical models of laser/retinal interactions, and the results from over 13 years of clinical experience with SDM, published clinical reports, and randomized trials, all of which have demonstrated effective treatment of DME in the absence of complications, adverse treatment effects, laser-induced retinal damage, or treatmentassociated visual loss. [9] [10] [11] 17, 18, 22, 26 It is important to note that many eyes treated in this study, illustrated by Figure 2 , could be clinically improved, thus reducing the risk of vision loss due to DME with little to no measurable reduction in macular edema indices or improvement in logMAR visual acuity because these were normal or near-normal preoperatively. However, we believe that such eyes represent the best opportunity to intervene to prevent vision loss from DME and that SDM seems uniquely suited to that task. Because the trend progresses from DME treatment indications based on biomicroscopy ("clinically significant" DME) to newer high-resolution retinal imaging and other diagnostic technologies, new signals and descriptors for diabetic macular dysfunction will be developed to better define treatment indications and outcomes. 2, 9, 27 We expect that these indicators will be physiologic rather than anatomical, noting that even "early" or "mild" nonproliferative diabetic retinopathy actually represents advanced disease with endorgan damage caused by chronic physiologic dysfunction. 2, 4, 23 Micropulsed lasers are currently available in several different wavelengths. We believe that the 810-nm wavelength is ideal for both safe and effective SDM laser treatment within the fovea. 9, 17, 22 The micropulsed 810-nm wavelength is maximally absorbed by the RPE. It is minimally scattered and has negligible absorption by media opacity, such as cataract or vitreous hemorrhage, and not absorbed by intraretinal hemorrhage, retinal vessels, or foveal luteal pigment, nor it is absorbed or attenuated by thickened neurosensory retina. 22 These characteristics and the wide therapeutic range when administered with a low micropulse duty cycle eliminate, in most patients, the need for clinical adjustment of laser parameters to accommodate individual variations in lens or media status, fundus coloration, or DME severity. 9, 10, 17, 18 Thus, inadvertent laser damage, a critical concern because of the "high-density" treatment strategy of SDM, particularly in the fovea, is reliably precluded. 10 Such confidence in treatment safety permits the use of SDM within the fovea. Shorter wavelengths such as 577 nm (yellow) and 532 nm (green) for micropulsed retinal laser treatment currently have less well-defined safety and efficacy information. Shorter wavelengths may pose increased risk of inadvertent retinal damage because of increased scatter and media absorption, requiring retinal patient-specific adjustment of laser parameters that are difficult to titrate because of the absence of a visible treatment end point. Finally, shorter wavelengths are more energetic. Thus, shorter laser wavelengths proportionally narrow the therapeutic window, further increasing the risk of inadvertent thermal retinal damage. 9, 10, 17, 18, 22 This study has significant limitations including obtaining data by retrospective chart review, small size, short duration, lack of controls, and description of a novel treatment technique used by only two surgeons. However, the results are consistent between the two reporting clinical centers and consistent with the findings of all previous reports of SDM for DME, including randomized clinical trials. By virtue of its safety profile, SDM seems uniquely suited to the treatment of FIDME, as well as preventative treatment before the development of visual loss or measurable foveal thickening. We believe that further study of the potential for new early interventions such as SDM to optimize DME management is warranted.
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